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Abstract 

The circular distributions of plant moduiars (branches, leaves) and endophagous herbivory 
(mines, galls) were investigated within the crowns of four dominant Fagaceae trees in a subtropi- 
cal evergreen broadleaf forest at Jiulianshan National Nature Reserve, Jiangxi, China. The 
hypothesis is that more plant moduiars and more endophagous herbivory should occur in the 
crown area perpendicular to the roads. Circular statistical techniques were used to verify new pat- 
terns of the impact of roads on plants and insects. The results confirmed that the roadside light 
environments had larger impacts on the circular distribution patterns of plant moduiars than those 
of leaf herbivores. For herbivores, the impact of light was larger on mine distribution than on gall 
distribution. The branches of all four tree species were concentrated in the direction perpendicu- 
lar to the roads. In the preferred direction, branches were longer and higher. More leaves, more 
mines, and more galls were found surrounding the preferred branch direction. In general, leaf 
miners and leaf gallers preferred leaves in the sun over those in the shade; however, leaf gallers 
had a lower degree of preference for sun than leaf miners. Different endphagous insects also 
showed clear interspecific differences in sun/shade leaf selection. 
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Introduction 

Shade lessens the number of branches and 
leaves (Potter 1992; Huber and Stuefer 1997; 
Bartlett and Remphrey 1998; Lin et al. 2007; 
Lusk et al. 2008). Leaves in the sun and shade 
have different physical and chemical charac- 
teristics such as leaf size, leaf shape, leaf 
color, leaf trichome, nutrient content, second- 
ary metabolites, and leaf temperature (Faeth et 
al. 1981; Rotheray 1987; Collinge and Louda 
1988; Basset 1991; Faeth 1991a; Potter 1992; 
Moller 1995; Connor 2006; Pincebourde et al. 
2007). The sun vs. shade distribution of natu- 
ral enemies and endophytic fungi might affect 
the leaf miners and plant gallers (Fernandes 
and Price 1992; Wilson and Faeth 2001; 
Gauge et al. 2002; Gauge et al. 2007; Horvath 
and Benedek 2009). Thus, light will act direct- 
ly or indirectly on the oviposition selection of 
leaf miners and leaf gallers (Connor 2006; Dai 
et al. 2011). 

Different miners and gallers show different 
preference for leaves in the sun or shade on an 
individual plant. Some leaf miners, such as 
Phyllonorycter maestingella, Stigmella 
hemargyrella, S. tityrella, Cameraria spp., 
and Fenusa absens, occur more on shaded 
leaves (Nielsen and Ejlersen 1977; Basset 
1991; Faeth 1991a; Faeth 1991b; Smith and 
Altenhofer 2011); Eriocraniella spp., Neuro- 
bathra strigifinitella, Dyseriocrania spp., 
Acrocercops spp., Bucculatrix cerina, Rhyn- 
chaenus fagi, Stilbosis quadricustatella, and 
Phytomyza ilicicola are found more on leaves 
in the sun (Nielsen and Ejlersen 1977; Faeth 
et al. 1981; Kimmerer and Potter 1987; 
Simberloff and Stilling 1987; Horvath and 
Benedek 2009); Cameraria hamadryadella 
and Eriocrania spp. prefer equally sun and 
shade leaves (Brown et al. 1997; Riihimaki et 
al. 2003; Connor 2006); and Brachys tessella- 
tus and Cameraria ohridella change their 
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choices on leaves in the sun or shade in differ- 
ent seasons (Turnbow and Franklin 1981; 
Horvath and Benedek 2009). For plant gallers, 
some prefer leaves in the sun while others 
show no preference between leaves in the sun 
and leaves in the shade (Nielsen and Ejlersen 
1977; Basset 1991; Leite et al. 2009). 

The studies mentioned above divided a plant 
crown into two parts, those in the sun and 
those in the shade. However, branches, leaves, 
and herbivory in different crown microhabitat 
area will experience a gradient variation of 
light levels. If the crown is projected as a cir- 
cle on a plane, then circular statistical 
techniques can be adopted to study directional 
patterns such as crown displacement (Ackerly 
and Bazzaz 1995; Aradottir et al. 1997; 
Rouvinen and Kuuluvainen 1997; Muth and 
Bazzaz 2003; Tarara et al. 2005; Getzin and 
Wiegand 2007; Schroter et al. 2011), branch- 
ing and leafing characteristics (Neufeld et al. 
1988; HoUinger 1989; Doruska and Burkhart 
1995; Gielen et al. 2002; Trincado 2006), and 
herbivory (Alonso 1997; Bonebrake et al. 
2010). 

After preliminary investigation, the number of 
branches, number of leaves, number of leaf 
mines per leaf, and number of leaf galls per 
leaf seemed to be different in different tree 
crown areas. Moreover, plant modulars and 
leaf herbivores were concentrated in the 
crown area closer to the roads. In order to 
show the sophisticated impacts of roadside 
light environments on plants and insects, cir- 
cular statistics were adopted to quantify and 
verify distribution patterns around tree 
crowns. The following two questions were 
addressed: (1) Is the density of leaf miners 
and leaf gallers higher in some specific tree 
crown areas? (2) Are there interspecific dif- 
ferences in circular distribution patterns 
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among leaf miner species and leaf galler spe- 
cies? 

Materials and Methods 

Study site 

The 134-km Jiulianshan National Natural Re- 
serve is located in the south of Jiangxi 
Province, China (24^ 29' 18"-24^ 38' 55" N, 
114^ 22' 50"-114^ 31' 32" E). It is a moun- 
tainous area with an altitude range from 280 
to 1,434 m a.s.l. The climate is subtropical, 
with a mean annual precipitation of 2,156 mm 
that occurs mainly in the wet season, from 
February to September. The mean monthly 
temperature varies from 6.8° C (January) to 
24.4° C (July). Major vegetation types include 
subtropical evergreen broadleaf forest, low 
hill coniferous forest, bamboo forest, montane 
dwarf forest, and montane grassland (Liu et al. 
2002). 

Data collection 

In July 2011, leaf herbivory was examined 
within the crowns of half-shaded understory 
trees beside small forest roads (Figure 1). 
Three Castanopsis carlesii (Hemsl.) Hayata 
(Fagales: Fagaceae) individuals with 50 
branches, four C. fabri Hance with 90 branch- 
es, five C. fargesii Franch. with 84 branches, 
and six Cyclobalanopsis glauca (Thunb.) 
Oerst. with 8 1 branches were sampled. Leaves 
from the outermost 0.5 m sections of the 
branches (including large branches and pseu- 
do-branches) were collected and counted for 
the number of leaves, leaf mines, and leaf 
galls. The types of leaf mines and leaf galls 
were decided according to their shape, posi- 
tion, and color (Appendix 1, 2) (Hering 1957; 
Csoka 1997, 2003; Redfem 2011). The fresh 
leaf miners were collected from time to time 
and reared in the laboratory, and photos of 
leaf miners were sent to taxonomists for iden- 
tification. The density of one leaf mine type or 
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one leaf gall type was measured as the number 
of leaf mines or leaf galls per leaf in each 
branch. Road directions were pointing from 
180° to 0°. The whole crown can be divided 
into two sides, sun side (0-180°) and shade 
side (180-360°). Relative azimuths a of each 
large branch to the road direction were also 
measured. Branch length was measured from 
the base of branch to the farthest leaf. Branch 
height was the height of branch base. The base 
of one pseudo-branch was put at the base of 
the large branch where the longer small 
branch belonged (Figure 1). 

Statistical analysis 

Data from different individuals of the same 
tree species were pooled together. Relative 
azimuths a are angular data. Such angular 
measurements could be treated as points on 
one circle. Then, circular statistics were used 
to compute the mean vector. The mean vector 
has two properties: mean angle and its 
length r. r falls in the interval [0, 1]. r is close 
to 1 for the data highly concentrated around 
one direction, and close to 0 for widely dis- 
persed data. Rayleigh's uniformity test was 
performed to assess the significance of r (Zar 
1999; Jammalamadaka and Sengupta 2001; 
Dai et al. 2007). V-test was used to test 
whether circular data a have a mean of 90°. A 
circular histogram was plotted for a, and a 
circle was drawn on the histogram to show the 
level of the Rayleigh critical value {p = 0.05 
here). If the r vector extends beyond the cir- 
cle, then the Rayleigh test is significant 
(Figure 2). 

For the circular distribution of plant modulars 
and leaf herbivores, vector pairs were defined 
to consist of relative azimuths a as a circular 
variable and one other parameter as a weight 
variable. The latter could be branch length, 
branch height, number of leaves per branch, 
number of leaf mines per leaf, number of leaf 
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Figure I. Sampling design of circular distribution data. Each 
sampled tree was located beside a small forest road. Road di- 
rection (thick dashed line) is from lowermost (as 180°) to 
uppermost (as 0°). Thus the tree crown was divided into two 
parts: sun side and shade side. Leaves were collected from the 
outermost 0.5 m section of each large branch (thick solid line). 
For small branches longer than 0.5 m (thin solid line) that were 
not located from the above section, a pseudo-branch (thin 
dashed line) was built in order to collect as many leaves as pos- 
sible. The direction of a pseudo-branch was pointed to the 
center of the small branch bundle. Relative azimuth a is the 
angle between the large branch (and pseudo-branch) and the 
road, with clockwise as the positive sense of rotation. High 
quality figures are available online. 



Custanopsis carlessi 




Castanopsis fabri 



Castanopsis fargesh 




Cyclohalanopsis glauca 



Figure 2, Circular histograms of branches' relative azimuths a 
within the crowns of four trees. Circular bars indicate the 
number of observations within each class range and have been 
centered on 0°. Mean relative azimuth ju is depicted as an ar- 
row, and the arrow length represents the value of r. A solid-line 
circle was plotted across the bars on each histogram to show 
the level of the Rayleigh critical value. See text and Figure I for 
more details. High quality figures are available online. 



Results 



and 



galls per leaf, etc. Weighted mean vector 
(WMV) and its length r (scaled 0-1) were ob- 
tained. Moore's modified Rayleigh test was 
used to test the significance of r here (Zar 
1999). 

All statistical analyses were conducted in 
Oriana version 4.00 (Kovach Computing Ser- 
vices, www.kovcomp.co.uk/oriana ). 



Circular distribution of branches 
leaves 

Mean relative azimuth ju of branch direction 
was 100.5^ for C carlesii, 107.7^ for C. fabri, 
89.3° for C. fargesii, and 72.7° for C. glauca 
(Figure 2). The corresponding r was 0.528, 
0.491, 0.423, and 0.637 respectively. Relative 
azimuths a were not evenly distributed in all 
directions (Rayleigh tests, Z = 13.941, n = 50, 
p < 0.01; Z = 21.681, n = 90, < 0.01; Z = 
15.038, n = 84, < 0.01; and Z = 32.829, n = 
81, < 0.01 for C carles a, C. fabri, C. 
fargesii, and C. glauca respectively). Moreo- 
ver, a concentrated around 90° (V-tests, V = 
0.519, n= 50, 0.01; F= 0.468, n = 90,;? < 
0.01; V= 0.423, n = 84, p < 0.01; and V = 
0.608, n= 81,;? < 0.01 for C carlesii, C. fab- 
ri, C.fargesii, and C. glauca respectively). 
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The WMV of relative azimuths weighted by 
branch length, by branch height, and by num- 
ber of leaves per branch were all between 90 ± 
30° for four tree species. Moore's modified 
Rayleigh test showed that all WMVs were 
significantly concentrated < 0.01) and all r 
values were larger than 0.167 (Table 1). 

Circular distribution of leaf miners and 
leaf gallers 

The composition of leaf miners and leaf gal- 
lers was different between the three 
Castanopsis trees and the Cyclobalanopsis 
tree (Table 2). 

The WMVs of relative azimuths weighted by 
the density of most leaf mine types (FLMOl, 
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FLM05, FLM07, FLM09) and by the density 
of all leaf mines were all between 90 ± 30° for 
all four tree species. The WMVs of FLM02 
and FLM03 were outside 90 =b 30° but within 
the range of 0 to 180° (sun side). The WMV 
of FLM04 was within the sun side but not al- 
ways between 90 ± 30°. Moore's modified 
Rayleigh test indicated that all WMVs were 
significantly concentrated (p < 0.01) while all 
r values were between 0.018 and 0.1 16 (Table 
2). 

The WMVs of relative azimuths weighted by 
the density of each leaf gall type were outside 
90 ± 30° but within 0-180° for three Cas- 
tanopsis species. The WMVs of relative 
azimuths weighted by leaf gall types were 



Table I . Circular distribution of plant nnodulars within the crowns of four trees. 



Measurements of 
plant modulars 


WMV 


Length of WMV (r, scaled 0-1) 


Castanopsis 
carlesii 


Castanopsis 
fabri 


Castanopsis 
fargesii 


Cyclobalan opsis 
glauca 


Castanopsis 
carlesii 


Castanopsis 
fabri 


Castanopsis 
fargesii 


Cyclobalanopsis 
glauca 


Branch length 


99.0« 


107.2° 


88.0° 


78.8° 


0.354** 


0.390** 


0.237** 


0.385** 


Branch height 


106.4° 


111.5° 


88.6° 


71.8° 


0.189" 


0.280'* 


0.188** 


0.230** 


No. leaves per branch 


105.8° 


105.9° 


89.8° 


83.3° 


0.277** 


0.217*' 


0.167** 


0.188** 



WMV values within 90 ± 30° are in bold. Moore's modified Rayleigh test was used to determine if r-values were significantly 
different from zero, where indicates p < 0.0! . 



Table 2. Circular distribution of leaf mine density (number per leaf) within the crowns of four trees. 



Leaf mine 

types 


WMV 


Length of WMV (r, scaled 0-1) 


Castanopsis 
carlesii 


Castanopsis 
fabri 


Castanopsis 
fargesii 


Cyclobalanopsis 
glauca 


Castanopsis 
carlesii 


Castanopsis 
fabri 


Castanopsis 
fargesii 


Cyclobalanopsis 
glauca 


FLMOl 


91.6° 


113.7° 




104.1° 


0.093** 


0.031" 




0.024** 


FLM02 








54.3° 








0.030" 


FLM03 




140.0° 


3i.r 


56.1° 




0.020" 


0.021" 


0.054" 


FLM04 


86.9° 


119.6° 


25.7° 


89.0° 


0.043" 


0.023" 


0.019" 


0.037" 


FLM05 




162. 7° 


76.6° 


77.6° 




0.018" 


0.028" 


0.020" 


FLM07 




101.3° 




62.4° 




0.091" 




0.022** 


All leaf mines 


114J° 


103.7° 


74.4° 


84.2° 


0.070** 


0.099** 


0.064** 


0.116** 



WMV values within 90 ± 30° are in bold. Moore's modified Rayleigh test was used to determine if r-values were significantly 
different from zero, where indicates p < 0.01 . No observation or too few observations (n < 4). 



Table 3. Circular distribution of leaf gall density (No. per leaf) within the crowns of four trees. 



Leaf gall types 


vmy 


Length of WMV (r, scaled 0-1) 


Castanopsis 
carlesii 


Castanopsis 
fabri 


Castanopsis 
fargesii 


Cyclobalanopsis 
glauca 


Castanopsis 
carlesii 


Castanopsis 
fabri 


Castanopsis 
fargesii 


Cyclobalanopsis 
glauca 


FLGOl 


135.1° 


155.6° 




313° 


0.015** 


0.017" 




0.032** 


FLG02 








95.1° 








0.014** 


FLG03 








111.5° 








0.030** 


FLG04 








16.7° 








0.015" 


FLG05 








96.8° 








0.019" 


FLG07 






59.6° 








0.016" 




FLG08 




121.4° 


32.4° 






0.026" 


0.014** 




FLG09 


140.1° 








0.028" 








FLG12 


126.5° 








0.026** 








All leaf galls 


143.2'* 


137.3° 


64.2° 


60.9° 


0.061** 


0.034" 


0.045" 


0.066" 



WMV values within 90 ± 30° are in bold. Moore's modified Rayleigh test was used to determine if r-values were significantly 
different from zero, where indicates p < 0.01 . No observation or too few observations (n < 4). 
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within 0-180° (sun side) but not always be- 
tween 90 ± 30° for C. glauca. For the leaf gall 
types, the WMVs of FLGOl, FLG04, FLG07, 
FLG08, FLG09, and FLG12 were outside 90 
± 30°, while the WMVs of FLG02, FLG03, 
and FLG05 were between 90 ± 30°. For C 
glauca, The WMV variations were very evi- 
dent. The WMVs of realtive azimuths 
weighted by the density of all leaf galls in four 
trees were generally away from 90°. Moore's 
modified Rayleigh test indicated that all 
WMVs were significantly concentrated (p < 
0.01) while all r- values were between 0.014 
and 0.061 (Table 3). 

Discussion 

The length of WMVs (r) could be ordered as 
follows: r (branch direction) > r (branch 
length) > r (branch height) or r (No. leaves 
per branch) > r (mine density) > r (gall densi- 
ty) (Tables 1-3). It seems that light 
environment had a larger impact on the circu- 
lar distribution of plant modulars than on that 
of leaf herbivores. For herbivores, light im- 
pacts were larger on mine distribution than on 
gall distribution. The branches of all four tree 
species were concentrated in the direction 
perpendicular to the roads (Figure 2). In the 
preferred direction, branches were longer and 
higher. There were also more leaves, mines, 
and galls around the preferred direction of 
branches (Tables 1-3). 

Generally, leaf miners and leaf gallers pre- 
ferred sun leaves rather than shade leaves. 
However, leaf gallers had a lower degree of 
preference to sun than leaf miners. The sun vs. 
shade distribution patterns were consistent 
with some studies (Faeth et al. 1981; Hartman 
1984; Fernandes and Price 1992), but not with 
others (Basset 1991; Dudt and Shure 1994; 
Fernandes et al. 2004). Generally, leaf mines 
were found on the upper side of leaves while 
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leaf galls were on the lower side of leaves, 
which might explain their differences in sun- 
shade pattern. 

Different endophagous insects showed clear 
interspecific differences in leaf selection. For 
example, the mines of Rhynchaeninae weevils 
(FLM07) were mostly found in leaves fully 
exposed to the sun, which is consistent with 
other leaf-mining beetles (Nielsen and 
Ejlersen 1977; Tumbow and Franklin 1981; 
Waddell and Mousseau 1996); the mines of 
Stigmella spp. Goze (Lepidoptera: Nepticuli- 
dae) (FLMOl and FLM03) were also more 
prevalent in leaves in the sun, which is contra- 
ry to the previous observations (Nielsen and 
Ejlersen 1977; van Nieukerken 2006). The 
mines of Phyllonorycter spp (FLM02) were 
not concentrated in fully-sun leaves, which is 
the same as other Phyllonorycter (Nielsen and 
Ejlersen 1977). The mines of Acrocercops spp 
(FLM04) were generally more in the sun side, 
which is same as other Acrocercops on Faga- 
ceae trees (Faeth et al. 1981). The mines of 
Tischeria spp (FLM05) also preferred leaves 
in the sun, which is different than other 
Tischeria (Connor 2006). 

Light intensity, light quality, and light time 
are different in different crown areas. The sun 
vs. shade leaves in our study were identified 
according to the road, not to the absolute 
south or north compass direction (Basset 
1991). From this view, more plant modulars 
and a higher density of herbivorous insects 
occurred in the crown area perpendicular to 
the roads, indicating that high light intensity 
and long light hours are beneficial factors for 
these organisms. Compared to the traditional 
sun-shade analysis, circular analysis could 
provide a more detailed picture of light impact 
on plants and insects. Our next study is to 
measure circular distribution of light parame- 
ters and leaf chemical content around tree 
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crowns and to connect the two investigations 
to discover leaf selection mechanisms of leaf- 
mining insects. Moreover, the concentration 
of leaf-feeding insects in specific areas might 
help control them precisely, for example, to 
release natural enemies or to apply pesticides 
only in the target area. 
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Appendix I • The identification of leaf mine types on four Fagaceae trees. 



Leaf mine type 


Taxon of miner 


Mine shape 


Leaf side located on 


Other characteristics 


Taxonomists who identify the reared miner 


FLMOl 


Stigmella 1, Nepticulidae, 
Lepidoptera 


linear 


upper 


mine width becomes larger slowly and 
gradually 


Dr. L. J. van Nieukerken 


FLM02 


Phyllonorycter^ 
Gracillariae, Lepidoptera 


tentiform 


lower 


between two lateral veins 


Dr. Hai-Yan Bai 


FLM03 


Stigmella 2, Nepticulidae, 
Lqjidoptcra 


linear-blotch 


upper 


start from the main vein 


The Authors 


FLM04 


Tischeria, Tischeriidae, 
Lepidoptera 


blotch 


upper 


mine width becomes larger gradually, 
leaf edge with mines usually curled 


Dr. Jonas Rimantas Stonis 


FLM05 


Acrocercops, Gracillariae, 
Lepidoptera 


linear 


upper 


color of fresh mine is white, mining in 
the leaf epidermis 


Dr. Hai-Yan Bai 


FLM06 


Trachys 1 , Buprestidae, 
Coleoptera 


blotch 


upper 


looks like a small blotch then a large 
blotch 


Dr. Charles L. Bellamy 


FLM07 


Rhynchaeninae, 
Curculionidae, Coleoptera 


linear, with a 
small round 


upper 


Usually with a hole at the end of the 
mine, old mines will drop 


Dr. Robert Anderson 


FLM08 


Bucculatricidae, 
Lepidoptera 


blotch 


upper 


color of fresh mine is green, pit-like 


The authors 


FLM09 


Wrong, not a leaf mine 










FLMIO 


Same as FLM05 










FLMll 


Trachys 2, Buprestidae, 
Coleoptera 


blotch 


upper 


color of fresh mine is white 


The authors 


ELM 12 


Unknown 


blotch 


upper 


mine is large, nearly oval 




FLM13 


Coleoptera 


blotch 


upper 


mine is very large, with many tiny 
holes 




FLM14 


Same as FLM05 










FLM15 


Same as FLVI04 










FLM16 


Unknown 


linear 


upper 


color of old mine is red 
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Appendix 2. The figures of common leaf mine types on four Fagaceae trees. 

FLMOl: 




Journal of Insect Science: Vol. 13 | Article 14! 



Dai et al. 




Journal of Insect Science | http://www.insectscience.org 



14 



Journal of Insect Science: Vol. 13 | Article 14! 



Dai et al. 



Appendix 3. The identification of leaf gall types on four Fagaceae trees. 



Leaf gall type 


Gall shape 


Color of fresh gall 


Color of old gall 


Leaf side located on 


Other characteristics 


FLGOl 


pouch, strip-form 






lower 


on main vein 


FLG02 


pouch, spindle-form 


hght green 




upper 


on leaf edge, always curled 


FLG03 


pouch, pepper- form 






lower 


one side is at main vein 


FLG04 


scar-form 


hght green 




lower 


on lateral vein 


FLG05 


cylindrical 




cotfee brown 


lower 


on main vein 


FLG06 


pouch, soybean-form 




coffee brown 


lower 


on main vein 


FLG07 


pouch, ball-form 






lower 




FLG08 


pouch, roundhat-form 






both 


ripped through the leaf 


FLG09 


small marks, ball-form 






lower 




FLGIO 


ball-fonn 






upper 


on main vein 


FLGll 


stripe-form, flat 






upper or lower 




FLG12 


blotch-form, slightly swelled 






both 


ripped through the leaf 


FLG13 


ball-form 






both 


ripped through the leaf 



Journal of Insect Science | http://www.insectscience.org 



15 



Journal of Insect Science: Vol. 13 | Article 14! Dai et al. 

Appendix 4, The identification of leaf gall types on four Fagaceae trees. 



FLGOl: 




V y 
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